Between 1984 and 2000, the parcelization of family forests in the New York City Watershed caused a decline in average parcel size from 19 to 16 ac. However, little is known about the timing and intensity of development on subdivided parcels, which has the potential to negatively affect water quality by increasing nonpoint source pollution associated with nutrient runoff and erosion intensified by increased impervious surface area. Using a combination of field measurements and analysis of digital orthoimagery, this study quantified forest cover and impervious surface area on new parcels resulting from subdivision and compared subdivided parcels to intact parcels. Measurements of buildings, driveways, and other features show that by 2005, parcels subdivided between 1984 and 2000 were developed to nearly the same intensity as intact parcels, with 68% of parcels classified as developed. Results indicate that residential development on subdivided parcels has added more than 640 ac of impervious surfaces on family forest since 1984, apparently without being accompanied by observable net reductions in forest cover at the landscape level. These trends have important implications for public policy intended to maintain a forested watershed and prevent the degradation of drinking water quality from nonpoint source pollution associated with development.
T he west-of-Hudson New York City (NYC) water supply system (the Watershed), spans 1,625 mi 2 and includes six reservoir basins and two major watersheds, the Catskill to the east and the Delaware to the west (Figure 1 ). Approximately 1.1 billion gallons of water per day is delivered from the six reservoirs through an extensive network of aqueducts connected to the eastof-Hudson Croton water supply system north of the city (NYC DEP 2008) . The forested nature of the Watershed, combined with chemical treatment measures to control sediment loads, is responsible for producing water of sufficient quality that the system was granted a 10-year filtration avoidance determination by the US Environmental Protection Agency (EPA) in 2007, continuing its status as one of the largest unfiltered municipal water supplies in the world. In economic terms, filtering the city's water would cost taxpayers and consumers approximately $10 billion in construction costs for a new filtration facility and $400 million per year for operating costs (NYC DEP 2008) . This fact has provided a strong incentive for maintaining high water quality by reducing pollution from agriculture and protecting forests in the region from development through land acquisition and conservation easements.
New York State and NYC have combined land holdings of approximately 282,000 ac, or 29% of the Watershed area, which includes the Catskill Forest Preserve. The balance of the watershed area (more than 700,000 ac) is in private holdings dominated by family forest owners. Since signing the landmark New York City Watershed Memorandum of Agreement in 1997, NYC and the Watershed Agricultural Council (WAC; a nonprofit created to administer the voluntary, incentive-based Watershed Agricultural Program), have purchased conservation easements on private holdings totaling approximately 27,000 ac. In total, about 34% of the 1 million-ac Watershed is protected permanently in public ownership and through conservation easement, with about 66% of the Watershed classified as private land in unprotected status (NYC DEP 2010 , VanBrakle 2011 .
Previous studies have shown that between 1984 and 2000, the average size of a private parcel in the Watershed dropped from 19 to 16 ac (LaPierre and Germain 2005, Hall et al. 2008) . Tax records show that up to 6% of the aggregate area held in parcels greater than 100 ac was subdivided into smaller parcels over this period. Most notable is the increase in the total number and aggregate area of parcels in the 5-10-ac class, a lot size that is especially appealing to homeowners interested in the aesthetic values and privacy provided by a residence on a forested parcel. LaPierre and Germain (2005) reported that private forested tracts greater than 100 ac made up an estimated 43% of the land area in 2000. This figure likely declined further by 2010, despite the housing downturn late in the decade.
Development following parcelization, including the construction of new buildings and roads, has potential negative implications for water resources. Forested watersheds are associated with high water quality (Stolton and Dudley 2007) , and the negative effects of forest loss due to urbanization have been well documented in many regions (Hatt et al. 2004) , including the east-of-Hudson water supply system (Burns et al. 2005 , Heisig 2009 ). In general, the density of housing units is positively correlated with impervious surface area and negatively correlated with forest cover (MacDonald and Rudel 2005, Lathrop et al. 2007 ). In the urbanizing environment, poor water quality is closely linked to runoff from impervious surface cover, which intensifies surface water flow and the surface transport of sediments and other pollutants (Schueler 1994 , Arnold and Gibbons 1996 , Rogers and DeFee 2005 , Xian et al. 2007 ). Low-density residential development in suburban, exurban, and rural environments has also been linked to significant negative water quality impacts, including nonpoint source contamination from lawn chemicals and fertilizers, septic systems, sump pumps, fecal contamination, and sediment (Bolstad and Swank 1997 , EPA 2006 , Schiff and Benoit 2007 , Conway 2007 . Furthermore, research indicates that low-density patterns of development can be associated with higher impervious surface area per housing unit (Stone 2004) . These studies show that low-density patterns of development are not without risk and may be important to consider in rural watersheds.
Parcelization is widely acknowledged as a precursor to development (Best 2002) . However, the timing and intensity of development on parcelized forestland has not been well documented, even in the Watershed, where parcelization trends have been quantified and watershed management by public agencies is widespread (LaPierre and Germain 2005, Hall et al. 2008) . Our objectives in this study are to quantify the forest cover and impervious surface area present on private forestland and to examine the relationships between parcelization, development features, and forest cover. Using a combination of field measurements and analysis of digital orthoimagery, we compared subdivided parcels to parcels that remained intact from 1984 to 2005 to evaluate the impact of parcelization on these metrics. Patterns are discussed in light of observed trends in parcel-level and landscape-level forest cover inferred from spatial models of land cover and land use based on remote sensing and field data.
Methods
Two previous studies quantified parcelization in the Watershed using a stratified cluster sample of 4,216 parcels, 28% of which were determined to have been subdivided from a larger parcel (i.e., "parcelized") between 1984 and 2000 (LaPierre and Germain 2005 , Hall et al. 2008 . This study uses a stratified random subsample of parcels from the original sample of 4,216 parcels. Using parcel attribute data, we contacted 1,267 land owners by mail to request permission to complete an on-site field survey, which included a land cover assessment and measurements of impervious surface area on each parcel. This subsample was stratified by parcel size, county, and parcel type (intact or subdivided) and did not include any parcels smaller than 5 ac. The focus of this study is family forest, and parcels smaller than 5 ac were not included in the sample because they were deemed to be too small for forest management and thus are not classified as family forest. We acknowledge that some resource managers believe the threshold for forest management to be higher than 5 ac; however, we agree with DeCoster (1998) that traditional forestry practices will have to adapt to smaller parcels, especially in areas with high rates of parcelization and development, and therefore we included parcels down to 5 ac.
By definition, the boundaries of parcels classified as intact did not change between 1984 and 2000, whereas parcels classified as subdivided were newly created by division of a single, larger parcel into two or more parcels sometime during that period. Using the parcelization topology presented by Donnelly and Evans (2008) , 46% of subdivided parcels were the result of the parcelization of a large "parent" parcel into a relatively large number of "child" parcels of similar area-a pattern indicative of organized subdivision for residential housing. To isolate the effects of a single occurrence of parcelization over the study period, none of the sampled parcels in either group were further parcelized between 2000 and 2005, the year of the field survey. Of the 1,267 landowners we contacted, 187 agreed to allow a field assessment. During the summer of 2005, we were able to conduct field assessments on 137 parcels, including 63 subdivided parcels and 74 intact parcels (Table 1) . The relatively small sample size reflects the tradeoff between sample size and the resource demands of detailed field surveys that include intensive measurement of development features, forest cover, forest stocking, and other variables (Germain et al. 2007 ). Although studies using landowner surveys and remote sensing data are common, field research of this type focused on family forest is rare and generally provides less statistical power but more detailed information. The cover classification of each parcel was based on three sources of evidence: field data, inspection of digital orthoimagery, and the results of landowner surveys (Caron et al. in press) . In the field, we systematically sampled each parcel using variable radius point samples on a rectangular sampling grid (Germain et al. 2007 ). The distance between sampling points on the grid was calculated to meet minimum sample targets for each parcel size class, with an average of 15.3 sampling points per parcel and 2,093 points total, representing a sampling intensity of approximately 0.35 points per acre across all cover types. Each point was categorized as forest or nonforest according to level I US Geological Survey (USGS) land use and cover classifications (Anderson et al. 1976) (Table 2 ). Level I classifications represent major cover types that can be relatively easily distinguished from one another, such as forest and agricultural land. For every sampling point, regardless of its land cover classification, we measured a variety of forest stocking variables, including basal area, tree diameters, and species composition (Germain et al. 2007 ).
The US Forest Service (2008) defines forest as "land that is at least 10% stocked by forest trees of any size, including land that formerly had tree cover and that will be naturally or artificially regenerated." The vast majority of points categorized as forest in this study occurred in closed-canopy mixed hardwood or coniferous forest. However, the forest cover designation also includes areas that had no trees present at the time of the field survey, such as clearcuts or other regeneration harvests, and some areas with very low basal area, such as abandoned fields that are transitioning back to forest. All points on abandoned agricultural lands that were classified as forest included the presence of woody stemmed species characteristic of old fields in transition from field to forest, including white ash (Fraxinus americana), pin cherry (Prunus pensylvanica), dogwood (Cornus spp.), eastern redcedar (Juniperus virginiana), hawthorn (Crataegus spp.), open-grown white pine (Pinus strobes), and a variety of woody shrub species. We assumed that old fields dominated by the successional old field forbs and grasses, but not containing the woody species, were being maintained as open field by occasional mowing. Responses to a landowner survey (Caron et al. in press) were used to help make this determination. In the study region, such areas are often kept in an old-field state to maintain a scenic view, rather than for agricultural purposes.
Beyond the level I designation, nonforest points were further classified based on USGS level II classifications, which are more detailed than level I classifications (Table 2) . For example, agricultural land can be further designated as cropland or orchard. All nonforest sample points showed evidence that they are being kept clear of trees, either by site conditions or human intercession. The nonforest designation includes open water, crops, mowed fields, and actively grazed pasture. It also includes mowed lawns (even if there are shade trees present on lawns) and developed surfaces that are clear of trees, as well as old fields kept clear of woody vegetation by occasional mowing.
Analysis of land cover was carried out in ArcGIS 9.1 using digital orthoimagery from the New York State GIS Clearinghouse (2011) coupled with digital property boundaries obtained from the New York City Department of Environmental Protection (DEP). The panchromatic digital orthoimagery quarter quadrangles used in the analysis were captured in 2004 at a 24-in. resolution. For each of the 137 sampled parcels, we digitized land cover polygons within the parcel boundaries to delineate forest and nonforest cover types on the parcel at a map scale of 1:3,000. We relied most heavily on the field data and orthoimagery in the determination, using field data to identify the vegetative cover present on photos and using photos to delineate the physical extent of cover types described by the field data. Mail survey responses related to past, current, and future land use were used to help designate borderline cases, especially with regard to land that appeared to be in transition from field to forest.
The designation of parcels as developed or undeveloped was based on field measurements of development features, with all developed parcels having at least one structure at the time of the field survey. We used a measuring wheel to record the dimensions of impervious surface area, including all structures and driveways. Structures were defined as any building that has a roof, is permanently affixed to the ground, and is used for shelter of humans, animals, property, or goods. This includes homes, cabins, garages, barns, and other outbuildings, such as sheds and pavilions. These features were measured according to the area of ground they occupied, not including the overhang of the roof. In some cases, structures were located under the forest canopy and were not clearly visible on orthoimagery, which field crews referenced in hard copy during their field surveys.
We defined driveways as any private track used for vehicles that leads from a public thoroughfare to a structure. A driveway could be of any surface type but had to lead to a structure of some kind, including barns, cabins, and outbuildings, as well as garages and primary residences. This definition excludes forest roads from the driveway designation, and properties with forest roads were not considered developed unless structures were also present. In addition to these features, we measured the dimensions of any parking areas associated with driveways and included these measurements with driveway area in the final field tally. Driveways were characterized into four cover types: paved, gravel, soil, and other, with the "other" category represented by primarily grass or mixed grass and bare soil cover. For driveways with mixed cover types, the area of each cover type was calculated and recorded independently, and then the segments were summed to compute total driveway area for each parcel. The gravel/mixed base surfaces were included as part of the impervious surface measurement because of their low hydrologic conductivity and relative imperviousness. On well-drained soils, gravel surfaces have the second highest surface run-off index (76 of 100), after paved and building surfaces (98 of 100). Mixed-base driveway surfaces on similar soils are also relatively impervious (USDA Soil Conservation Service 1986).
Because of limitations of the parcel sampling process and variability in data quality at county tax offices at the time of sampling, we cannot say with certainty that all the development features on subdivided parcels were built after subdivision. It is possible that a portion of parcels in the subdivided group were subdivided with development features in place. Based on post hoc analysis of available data, we estimate that up to 19% of parcels in the subdivided group possibly had development features on them at the time of subdivision. This estimate is half of the maximum percentage of subdivided parent parcels that had structures built prior to 2000 based on cross-referencing parcels in our sample with tax databases that include "year built" records. However, we could not account for preexisting development directly with absolute certainty because state and local records do not share a common parcel identification scheme back to 1984. Results should be interpreted accordingly, and the implications of this sampling constraint are discussed below. Analysis of variance (ANOVA) was used to examine differences in parcel characteristics between intact and subdivided parcels. The sample of 137 nonindustrial private forestland parcels was blocked by both watershed and parcel size, with two watershed groups (Catskill and Delaware) and four parcel size classes. Parcel size classes were chosen to be consistent with previous work (LaPierre and Germain 2005 , Germain et al. 2007 , Hall et al. 2008 and are based on thresholds for different forest management and property tax designations. For example, the 50-ac threshold is based on New York's 480-a forest tax law, which requires 50 ac of contiguous forest for enrollment. We compared adjusted means for the intact and subdivided groups to account for the effects of blocking factors on the within-group means. The adjusted means were calculated using the least-squares function in SAS software version 9.1 (Goodnight and Harvey 1978, SAS Institute Inc. 2004 ). The least-squares mean, also called the estimated population marginal mean, adjusts the group mean to account for unequal sample sizes and blocking effects, allowing a clear comparison of the means for intact and subdivided parcels. Comparisons of the number of structures between groups were evaluated using the chi-square statistic of the nonparametric Kruskal-Wallis test. SAS software, version 9.1 (SAS Institute Inc. 2004), was used for all calculations and statistical tests. A significance level of 0.10 was used for all statistical tests unless otherwise noted.
All of the parcels examined in this study are private properties and were surveyed with the written permission of the landowner. Given this fact, nonresponse bias is a possibility. To examine the possibility that the properties of respondent landowners are not representative of the sample frame as a whole, we took a stratified random sample of 76 parcels greater than 5 ac held by nonrespondent owners from the original sample of 4,216 nonindustrial private forest parcels, and used orthoimagery to delineate forest and nonforest cover types on these nonrespondent parcels. Photos were also used to count the number of structures visible on each nonrespondent parcel. Obviously, field data and mail survey responses were not available to validate cover designations for the parcels owned by nonrespondents. However, experience using field data to interpret cover types on the 137 respondent parcels generally supported photo interpretation of cover types and structure identification. ANOVA blocked by watershed and parcel size class was used to examine the difference in mean forest cover between respondent and nonrespondent groups. The Kruskal-Wallis test was used to compare the median number of structures in these groups.
Results
Mean forest cover for the sample was 83% (Table 3) . Seventyfive parcels (55%) had greater than 90% forest cover, and 92 parcels (67%) had greater than 80% forest cover (Figure 2) . It is important to reiterate that the mean of 83% is for family forest parcels greater than 5 ac, not for the entire area of the Watershed. For comparison, Tyrrell et al. (2004) reported all privately owned lands within the watershed as 79% forested (95% CI ϩ3.2%/Ϫ3.5%), including shrublands, based on remote sensing data. For the blocking factors, the two watersheds were significantly different (P ϭ 0.057), as we expected based on the higher percentage of agricultural land in the Delaware watershed, but parcel size class did not have a significant effect on percentage of forest cover (P ϭ 0.460). The percentage of forest cover between the subdivided and intact parcels was also not significantly different (P ϭ 0.236), with least squares means for the two treatment groups of 83 and 84% and medians of 88.9 and 94.1%, respectively. Nonresponse bias did not appear to be a concern with regard to percentage of forest cover. With a mean of 86% forest cover, the nonrespondent group was not significantly different from the respondent group (P ϭ 0.358), which had a mean of 83% forest cover.
Overall, 75 parcels (55%) had a driveway and at least 1 structure, 18 parcels (13%) had at least 1 structure but no driveway (i.e., parking on a public road), and 44 parcels (32%) had neither. The Table 3 . Forest cover and impervious surface area (ISA) variables for all parcels (n ‫؍‬ 137). These estimates include parcels with no development features present at the time of the field survey. average number of structures was 1.8 structures per parcel, and the average area of structures was 1,897 ft 2 , with an average area of driveway of 1,320 ft 2 (Table 3) . Among the 75 parcels that had driveways, gravel was the most common surface type (60% on average and 55.5% of total measured driveway area), followed by pavement (19% on average and 20% of total measured area). Bare soil and other driveway surfaces accounted for 24.5% of total measured area. Combining these features into a single metric, average developed surface area for the entire sample was 3,220 ft 2 per parcel, or 0.51% of total parcel area, on average, with a median of 2,713 ft 2 per parcel. The distribution of parcels by total developed surface area was right skewed (Figure 3) . The outlying measurements of very high impervious surface area were taken on parcels characterized by large barns and many outbuildings with associated driveways.
With respect to the effects of parcelization on development, 76% of the intact parcels in the sample were developed at the time of the field survey, compared with 60% of subdivided parcels. As mentioned previously, based on post hoc analysis of tax databases, we estimated that up to 19% of parcels in the subdivided group may have had development features present at the time of subdivision. This has the effect of reducing the percentage of development that can be considered new development on subdivided parcels. Including all parcels in both groups, the means for impervious surface area for intact and subdivided parcels were 3,923 and 3,017 ft 2 , respectively, which are not significantly different (P ϭ 0.216). If we compare the effects of parcelization on the developed parcels only, treatment effects are not significant for any of the variables measured (Table 4 ). The two parcelization groups are very similar with regard to percentage of forest cover, number of structures, area of structures, area of driveway, and total impervious surface area. On average, intact and subdivided parcels had 5,021 and 4,483 ft 2 of impervious surface area on developed parcels, representing 0.64 and 0.58% of total parcel area, respectively. Among developed parcels, nonrespondent parcels averaged 2.2 structures per parcel, with a median of 2.0, compared with 2.7 structures per parcel and a median of 2.0 for respondent parcels, with medians that are not statistically different (chi-square ϭ 0.635, P ϭ 0.425).
Discussion
The DEP and its partners have led vigorous efforts to reduce water pollution and protect long-term water quality in the Watershed. Thus far, those efforts have been focused on acquiring land in high priority areas near water bodies and on curbing pollution from agricultural and forestry operations. NYC now controls 11% of the Watershed area through fee ownership or easement. WAC has engaged farmers and forest owners throughout the Watershed in active programs that have reduced pollution through the implementation of best management practices (BMP). For example, in 2006, WAC programs were responsible for implementing 373 BMP projects on large farms, 84 BMP projects on small farms, $50,000 in forest road improvements, and 77 new forest management plans (WAC 2007) . Our results indicate that as water pollution threats from agricultural and forest operations are neutralized, rural residential development may be an appropriate target for additional policies and programs.
Trends between 1984 and 2005 show that parcelization, dominated by growth in the 5-10-ac size class, is prevalent across the Watershed, with absentee landowners and second home buyers making up approximately 40% of private parcel ownership (Tyrrell et al. 2004 , Hall et al. 2008 . Also known as ownership fragmentation, parcelization can occur without resulting in physical effects on the landscape, at least hypothetically. For example, the ownership of land held in an estate may be divided, on paper, among surviving heirs, without being developed or otherwise physically affected. However, the results of this study indicate that as a group, subdivided parcels created as a result of parcelization of private forestland in the Watershed between 1984 and 2000 were developed to nearly the same intensity as intact parcels, within the span of 20 years or less, as measured by the number of structures, area of driveway, and area of impervious surface area.
Although results do point toward a slightly higher percentage of impervious surface area for the intact group, they suggest that the process of parcelization in the Watershed is being accompanied by development on subdivided parcels. Although statistically, the failure to detect a difference between the groups should not be interpreted as proof that there is no difference in this case, this result does appear to confirm the use of parcelization trends as a metric for assessing future development impacts. We have shown that each new subdivided parcel, including both undeveloped and developed subdivided parcels, accounts for an average of 3,200 ft 2 of impervious surface area in the Watershed. Other development indicators support these findings. For example, a review of building permits issued in Watershed towns shows an increase in the rate of permits issued, from a rate of 83 per year between 1995 and 2001 to 245 per Table 4 . Comparison of forest cover and impervious surface area (ISA) variables for developed intact parcels (n ‫؍‬ 56) and developed subdivided parcels (n ‫؍‬ 37). This analysis includes only those parcels with at least one structure present. (Hall et al. 2008) . Based on field measurements of impervious surface area on subdivided parcels, it is clear that parcelization is a precursor of new development, which increases impervious surfaces in the Watershed. On average over the last few decades, 400 new parcels are created in the Watershed each year through subdivision, for a total of 6,400 new parcels created between 1984 and 2000. With an average of 4,483 ft 2 of additional impervious surface for each developed parcel in this group, the estimated 3,840 subdivided parcels that were developed over this period account for approximately 17.2 million ft 2 of impervious surface area added to the Watershed. Extrapolating to 2010, parcelization followed by development may account for an additional 10.8 million ft 2 added since 2000. Combined, this is equivalent to more than 640 ac of new impervious surfaces on private property since 1984 and does not account for impervious surface area attributable to new municipal infrastructure constructed to service new development. Furthermore, the addition of new impervious surface on intact parcels was not included in these estimates and may be a concern, depending on trends in renovation and remodeling.
When parcelization and development occur simultaneously, there are important implications for water quality, such as those documented for the NYC east-of-Hudson (Croton) watersheds, where impervious surfaces accelerate the transport of sediment and contribute to nutrient loading from septic systems, lawn fertilizers, animal wastes, road salts, and other sources (Heisig 2000 , Endreny et al. 2002 , Hassett et al. 2003 ). Not only have many studies shown the links between percentage of land in urban development and water quality (Carpenter et al. 1998 , Tong and Chen 2002 , Groffman et al. 2004 ), but the generally accepted threshold of 10% impervious surface for water quality degradation (Schueler 1994) has been challenged by a number of recent studies that have shown increased water quality impacts with impervious surface as low as 2.4% (Conway 2007 , Schiff and Benoit 2007 , Dietz and Clausen 2008 . This poses concern for the Watershed. Although intact and subdivided family forest parcels averaged impervious surface area of 0.64 and 0.58% of total parcel area, respectively, the sample did not include parcels less than 5 ac or new municipal roads and infrastructure, which are sources of new impervious surface area that are closely linked to development of family forestland.
The results of this case study quantify the known links between parcelization, development, and impervious surface area on family forests. Furthermore, in this case there does not appear to be a corresponding net decline in forest cover over the study period. In fact, based on the most current land cover assessments, forests have been regenerating on former agricultural land in the Watershed over the last 30 years (Mehaffey et al. 2005 , Hall et al. 2008 . Field measurements in this study support inferences from remote sensing data, with transitional areas accounting for the third largest area behind forest and agricultural lands. Given the large area of land in transition from field to forest, we should expect continued net gains in forest cover in many areas, especially in the western part of the Watershed, where agricultural land use is more common. Our results also indicate that, on average, the percentage of forest cover on subdivided, developed parcels is not lower than on intact parcels. In this case, there may be a perception that conditions in the Watershed are more pristine than they truly are because residential lots in this region retain high forest cover and because development is being accompanied by the transition of fields to forest. On the ground, what was once undeveloped working forestland held in relatively large ownerships is slowly being transformed into low-density rural residential land use, without net losses to forest cover. Although both land covers may be classified as forest, their potential for nonpoint source water pollution is not the same.
At this point, the implications for water quality remain unclear. Additional studies are required to document the direct impact of expanding rural residential land use on water quality in general, and specifically for the NYC watershed. The key question remains: at what point does spatially diffuse development overwhelm the forest sponge and begin to negatively affect water quality? In the case of the NYC watershed, a clear tipping point exists where the cumulative effect of thousands of individual land use decisions could cost billions of dollars if the 2007 EPA filtration avoidance determination is lost. Although the transition of agricultural lands to forest has been a positive development in terms of maintaining long-term water quality, high forest cover may not be an appropriate predictor of future trends in water quality. As the tipping point approaches, reducing the negative effects of low-density, rural residential development in a forested landscape is likely to require a creative mix of policies to maintain long-term water quality.
